The objective of this study was to develop, as well as validate the strongly coupled method (two-way fluid structural interaction (FSI)) used to simulate the transient FSI response of the vertical axis tidal turbine (VATT) rotor, subjected to spatially varying inflow. Moreover, this study examined strategies on improving techniques used for mesh deformation that account for large displacement or deformation calculations. The blade's deformation for each new time step is considered in transient two-way FSI analysis, to make the design more reliable. Usually this is not considered in routine one-way FSI simulations. A rotor with four blades and 4-m diameter was modeled and numerically analyzed. We observed that two-way FSI, utilizing the strongly coupled method, was impossible for a complex model; and thereby using ANSYS-CFX and ANSYS-MECHANICAL in work bench, as given in ANSYS-WORKBENCH, helped case examples 22 and 23, by giving an error when the solution was run. To make the method possible and reduce the computational power, a novel technique was used to transfer the file in ANSYS-APDL to obtain the solution and results. Consequently, the results indicating a two-way transient FSI analysis is a time-and resource-consuming job, but with our proposed technique we can reduce the computational time. The ANSYS STRUCTURAL results also uncover that stresses and deformations have higher values for two-way FSI as compared to one-way FSI. Similarly, fluid flow CFX results for two-way FSI are closer to experimental results as compared to one-way simulation results. Additionally, this study shows that, using the proposed method we can perform coupled simulation with simple multi-node PCs (core i5).
Introduction
The growing costs and highly fluctuating prices of oil and natural gas, as well as their constantly diminishing supplies globally, have created the need for less expensive and sustainable alternative energy resources.
Tidal turbines that harvest tide energy and convert it to electrical power are an alternative energy source, playing an increasingly prominent role globally, while receiving much attention from governments, industry, and researchers. There are two major classifications of tidal turbines: horizontal axis (HA) and vertical axis tidal turbine (VATT). This classification is based on the turbine axis with respect to water flow. VATT has several advantages, but the design and the prediction of its hydrodynamic behavior is more intricate (Paraschivoiu, 2002; Zanette et al., 2010) . A key issue during the design phase is the evaluation of a turbine both in numerical simulation and experimental tests. Due to the high cost of experimental tests, emphases have been placed on developing sophisticated simulation methods, particularly since the 1980s, when high-speed computational technologies became widely accessible. Numerical models may be 1D, 2D, or 3D. Of course, 3D models have the capability of being more accurate and reliable as compared to 2D models, but the computational cost will be higher (Li and Calisal, 2010) .
The VATT was subjected to a severe fatigue loading regime. The blades were submitted for a complete reversal stress cycle at each revolution. The entire pressure loading was placed on the blades. The blades transferred these forces to the shaft via connecting arms. Therefore, the performance of the turbine, while at the same time minimizing the cost of manufacturing the design, usually strived for thinner blades. Since high-stress levels produce deflection in the blade which obviously changes the velocity profile, we decided to ignore these deformations in simple one-way FSI simulations. Thus, establishing a more accurate finite element analysis (FEA) simulation is vital.
Previously, theoretical and numerical calculations did not take into account the deformation in structure due to fluid pressure, and an independent simulation was completed for fluid and structure/solid domains (Zhang et al., 2004; Calcagno et al., 2006) . Furthermore, Dobrev and Massouh (2007) applied this hybrid scheme for a wind turbine rotor using both 3D and 2D models. They showed that using a mixed model can save computational time. Moreover, a loosely coupled FSI scheme was used by Dang et al. (2010) for an aeroelastic wing problem for high aspect ratio using constant volume tetrahedron interfacing technique for coupling computational fluid dynamics (CFD) and computational structural dynamics (CSD). For a wind turbine, FSI scheme was used by Kim and Kim (2006) . In the field of aerospace, FSI theory was used by Garelli et al. (2010) for rocket engine nozzle and for aerofoil by Ramji and Wei (2004) . Recently, Jo et al. (2012) conducted the loosely coupled method to compute the deformation in pile structure of a wind turbine. For the 2D model, a similar study was performed for wind turbine blades by Ouahiba et al. (2008) . A VATT can be used anywhere where the water has sufficient current velocity to rotate the rotor, such as in an estuary, sea, river, or channel. From the previous studies mentioned above, we can find the importance of the FSI technique, and to the best of our knowledge, this technique is not used yet for VATT.
The main purpose of this study was to use a strongly coupled (two-way FSI) method to analyze the rotor of VATT for the maximum coefficient of performance C P . In this study, the CSD obtains hydrodynamic loadings through fluid solid interface at the blade surfaces from ANSYS mechanical application (MA). Centrifugal force and gravity are defined by rotational velocity and gravitation acceleration. The deformed shape form CSD is further coupled with CFD, from which new loadings are determined. This iterative process is continued until a suitable level of convergence is achieved. Obviously, the two-way FSI solution takes more computational power and time due to the strong coupling scheme. However, using a new technique of file sharing, we can reduce this simulation time. In this method, a file (ds.dat file) was generated in ANSYS-MECHANICAL after defining physics and boundary conditions in the model, and saved in a separate folder. Later, during CFX-Pre analysis, we imported ds.dat file and ran this in CFX solver. This requires an equal number of timestep and size in MA and CFX. An outer connection was made between the CFX and structure solver. Finally, we obtained the structural results (stress and deformations) in ANSYS-APDL. Using this file sharing and remote connection technique, we can reduce the simulation run time for the same number of iterations. Furthermore, the coupling between CFD/CSD was impossible for complex geometry without generation of this file in ANSYS-WORKBENCH. Thus, file shairing technique can be applied with a simple icore computer when using ANSYS-WORKBENCH platform for an FSI problem.
Mathematical modeling and background
The Navier-Stokes equation becomes unstable when the Reynolds number is greater than one (Re>1). Engery is transferred from large eddies to the smaller ones, called Kolmogorov scale where eddies are dissipated by viscous forces:
where l K is the Kolmogorov scale, L is the length of the wall. Thus, the direct numerical simulation (DNS) computes all relevant scales up to the Kolmogorov scale. Often DNS is impossible, so Reynolds average Navier-Stokes (RANS) in combination with turbulence models can be expressed as (Menter, 1994; Wei et al., 2009; Fabio, 2010) 0,
where x i (i=1, 2, 3) is the Cartesian coordinate, ν is the kinematic viscosity of water, u i is the velocity component in the corresponding direction, p is the pressure, ρ is the density of the fluid, and f i represents an external body force field. Moreover, the modeling was based on the shear stress transport model (SST) (Menter, 1994) , which is composed of the k-ω and k-ε models. Consequently, turbulent kinetic energy (k) and turbulent kinetic energy dissipation rate (ε) equations can be written as
where ω is the turbulent dissipation rate,  can be α=0.44, β=0.0828 , and μ is the molecular dynamic viscosity. U is the velocity vector as . (1 ) ,
where  1 represents the basic k-ω model, and  2 represents the modified k-ω model. F 1 =tanh ( 4 1 arg ) is a blending function, and
where y is the distance from the field point to the nearest wall. F 1 =1 in the near-wall region, and F 1 =0 in the outer region. 
and we can further simplify Eq. (7) by ignoring the body forces as
where λ and μ are Lame constants as mentioned above. The values of various constants are: β=0.09, α=0.44, k=1, and ω=1.168. The above numerical equations were solved based on the basic CFD codes using pressure-velocity coupling. A pressure was computed at the cell centers, and velocities were computed at cell faces. Moreover, the finite volume method (FVM) was used to discretize the fluid equations, and the second-order upwind discretization scheme was employed for convection term; the Newmark method was used for vibration equation. FVM was used for heterogeneous material, and also could handle discontinuities in solution. Another advantage of FVM over the finite difference method (FDM) was that it did not require structure mesh (Hyman et al., 1992) . Casadei et al. (2001) conducted the FSI technique for different 2D and 3D models using the mathematical algorithm for non-liner cases.
Fluid structure interaction (FSI)
FSI is a two field problem: one fluid flow and one structural field. The fields are interfaced via the so-called wet surface where the pressure and friction forces produced by the fluid are acting on the structure. Due to these pressure loads, the body becomes deformed, and changes the boundaries of the fluid domain, as well as the flow pattern. Numerically, these two fields are coupled via a third field, the numerical meshes. The structural deformations are transferred through the fluid via adapting the mesh representing the fluid domain (Hubner et al., 2004) .
FSI solution strategies can be divided into monolithic and partitioned methods. In this scheme, we try to solve the non-liner problem all at once. In the partitioned strategy, we also iteratively solve the fluid and structure subproblems. This requires two codes: one for solving the fluid equations and the other for structure problems. The partitioned method is further divided into two major categories: one-way and two-way coupling. Two-way can be further divided into a loose (weak) and strongly coupled method. Weak and strong couplings are distinguished by finite element formulation techniques used to develop the matrix equations. This method responds after every one-iteration for a coupled solution. Minimally, two iterations are required to achieve a coupled response for weak coupling (Vaassen et al., 2011; Benra et al., 2011) . FSI problems can be solved using one-way or two-way FSI techniques.
In one-way FSI, the fluid field is solved only for the pressure forces, and these pressure forces are later applied on the body in solid or structure analyses in ANSYS to obtain the stresses. The flow field altered due to structural deformation when CFX analysis is ignored. It is also assumed that no displacement/ deformation is produced during CFX analysis. While in two-way FSI, the pressure forces as well as displacement produced when CFX analysis is transferred to the structural analysis in ANSYS for stresses, and ANSYS results for pressure forces are again the input for CFX analysis. This process of data sharing between ANSYS structure and CFX fluid field continues until these flow forces and the structural displacements fall below a prescribed amount.
Multi-field simulation modeling
In ANSYS-WORKBENCH multi-field, simulation was performed between transient structural (ANSYS-MECHANICAL) and fluid flow (CFX-Pre); both models were developed independently. Each model requires independent mesh, boundary condition, analysis options, and output options, etc. In the present case the ANSYS-STRUTURE works as a master code. It reads all commands, including interface meshes from the CFX code, maps and communicates time, and stagger loop controls to the CFX code. The ANSYS mapping is done to interpolate loads between dissimilar meshes on either side of the coupling interface (Hübner et al., 2010 ). An experimental and numerical FSI study on pump blades was also carried out by Benra (2006) when considering the vibration effects. Holger (2008) used the Kernel-based interpolation technique to study hybrid method of FSI using mathematical formulation for aeroelastic problems.
Transient structural physics and modeling
For MA, the setting transient structural (AN-SYS) window is dragged first in ANSYS-WORKBENCH. 3D modeling of the blades with NACA-0018 hydrofoil is undertaken in Pro-Engineer software with the parameter specifications as shown in Table 1 .
The geometry is imported into transient structural window. Initial analysis are performed using steel blades with the following fundamental properties: density 7850 kg/m 3 , Young's modulus 2.0×10 11 N/m 2 , and Poisson's ratio 0.3. In mechanical application of MA, the solid bodies, i.e., blades are meshed and the fluid bodies are suppressed. ANSYS-APDL is selected as a solver. For mesh sizing, the following properties are used: relevance center (fine), smoothing (high), and transition (slow). Transition Fig. 1 .
The input boundary conditions are: gravity force (g=9.8 m/s), rotational velocity (ω=3.5, 5.25, and 7.875 rad/s), and fixed support at the blade clamp position and FSI at each blade are applied. Fig. 2a shows inputs defined in ANSYS-MA. The interface between ANSYS and CFX is possible due to FSI command. The data exchange occurs at an external boundary in CFX-solver, with mesh displacement defined by the ANSYS multi-field coupling process. After using this command in ANSYS-MA, the interface boundary is created for each blade, i.e., FSIN_1, FSIN_2, FSIN_3, and FSIN_4 for blade 1, 2, 3, and 4, respectively. Later, in CFX-Pre, each blade is considered correspondingly for matching the fluid solid interface. Due to these specifications, CFX-solver transfers forces to ANSYS solver and ANSYS transfers total mesh displacement to the CFX at the interface boundary surface.
Next, the analysis setting is reset for a total time of 5 s with time step option of 0.01 s and the program control solver is selected. This is an optimal solver. Because the other solver, i.e., the direct solver, is used for thin flexible models, and the iterative solver is used for bulky models.
Fluid flow (CFX) physics and modeling
We will attach fluid flow CFX window with transient structural window. All the physics and data will be shared with this window. Here the solid bodies, blades are suppressed and only fluid bodies i.e., rotating, and outer domains are meshed with the following properties: solver preference CFX, use advanced size function (curvature), smoothing (medium), transition (slow), and span angle center (fine). These mesh properties are enough to solve this model. The mesh size will increase with the increase of computational time.
All the boundary conditions (inlet, outlet, sides, rotating, and outer domains) are defined using named selection option in CFX setup. Later in CFX-Pre boundaries, the matching name will be identified which are defined in the setup. Two domains, i.e., stationary and rotating domains in CFX-Pre are created. The rotary domain will be set for a different angular velocity with mesh deformation options of 'region of motion specified'. The mesh deformation option enables the nodes on the boundary of the mesh using CFX expression language (CEL). The motion of all the remaining nodes will be determined by the mesh motion model, presently the mesh displacement diffusion. This model will be used to transfer the displacement applied at the boundary surface to the other nodes. With this option, a mesh displacement equation will be solved at the start of the iteration. The mesh coordinates will be updated (ANSYS CFX Release 13.0 Help). Separate boundaries for each blade with boundary type 'wall' is defined with mass and momentum option of 'no-slip wall'. This condition is by default, indicating that the fluid sticks to the wall and moves with the same velocity at the wall; as in this case, blades of turbines rotate. Coupling time duration of 5 s with time step of 0.01 s and transient analyses are also defined in this simulation. Analysis is performed at two times higher than actual velocity, where an inlet boundary condition of normal speed 3.5 m/s is defined in the stationary domain. If the turbine runs safely at this high-current velocity, it will work smoothly at an actual velocity of 1.2 m/s. Furthermore, outlet and symmetry boundary conditions are also described in this domain. Fig. 2b shows CFX simulation model with defined boundary conditions (BC). When the solution starts running, CFX solver window opens automatically. The solver window exhibits the difference between one-way and two-way coupled simulation. Figs. 3a and 3b show the differences between two simulations, while running in CFX solver manager. It includes 'ANSYS Field Solver' (structural) window for forces and 'ANSYS Interface Load Transfer' window. These two windows do not appear in case of one-way FSI solver managers. The FSI simulation with the loads described above is run for 500 iterations. These iterations are enough to reach a steady-state condition. Three simulations are run at different angular velocities but with the same BC and with an inlet velocity of 3.5 m/s.
Figs. 4a and 4b show CFX results for total mesh displacement and velocity vectors. We observed that the entire mesh displacement from CFX (0.004059 m) and total deformation from the ANSYS (0.004616 m) results are similar. This means that numerical simulation was done precisely, and both solvers finished at the same time. Furthermore, this simulation method was validated with ANSYS-13 case examples show the ANSYS von-Mises stress and deformations at different angular velocities. From Table 2 (p.581), it can be observed that with an increase in angular velocity, stresses and deformation increase. Greater values of angular velocities were selected, because if blades sustain at higher values, they will perform safely and well at smaller values of ω. Maximum stress calculated was 38 MPa at ω= 7.875 rad/s, which are under the limit as the tensile yield strength is 250 MPa, and the ultimate strength is 460 MPa for the steel selected. Fig. 8 exhibits that two-way FSI has higher values of stresses as compared to one-way FSI with an increase in angular velocity.
CFX results for the coefficient of performance against tip speed ratio is calculated and compared with the experimental results obtained by Li (2011) as shown in Fig. 9 . For one-way FSI C P =0.432 and for two-way FSI C P =0.4021 at λ=2, and for experimental results C P =0.38 (Li, 2011) . We can observe that the one-way FSI results are far away from the experimental results, and the two-way simulation results are closer with its experimental calculations.
Conclusions
In this study, a two-way FSI method is used for an actual simulation case study. Due to high experimental cost and complex design of VATT rotor, an accurate and credible method of numerical simulation is preferable. The proposed coupled (two-way) FSI approach is sufficiently precise and certain, as compared to non-coupled (one-way) FSI, especially for large deflection problems where the structure deformation is more visible due to the strong effect of the fluid field. Furthermore, in one-way FSI approach, there is the possibility of lost data between two fields during data transfers. Therefore, we can use one-way or two-way FSI techniques based on the case considered. It depends upon the importance and case sensitivity. If it is an expensive and delicate model, then the two-way FSI is more suitable, otherwise not. Moreover, the one-way FSI requires data for a single iteration per time step. Thus, the computational cost per time step of one-way FSI is lower than that of two-way FSI, which is updated after each time step for a new iteration. People avoid using two-way FSI process, because it takes more computational power and resources. However, the strategy presented in this study can be used to reduce these concerns. In addition, this method makes it possible to use a simple computer for simulation purposes instead of high specification computer.
Therefore, the two-way coupled approach seems to be more stable and accurate, because a large number of time steps can be used for non-coupled method to achieve the same level of accuracy. RANS-based models are more reliable as compared to the vortex method and boundary element method and thus, can be used for design purposes (Turnoak and Wright, 2000; Li and Calisal, 2010 
